Apoptosis is a highly regulated process of cell suicide that occurs during development, host defense, and pathophysiology. The transcription factor IFN regulatory factor 5 (IRF5), known to be involved in the activation of innate immune responses, recently has been shown to be critical for DNA damage-induced apoptosis and tumor suppression. Here, we report on a cell-type-specific role of IRF5 in promoting apoptosis upon signaling through the death receptor Fas (CD95/APO-1/TNFRSF6). In particular, we show that mice deficient in the Irf5 gene are resistant to hepatic apoptosis and lethality in response to the in vivo administration of a Fasactivating monoclonal antibody, and that IRF5 is involved in a stage of Fas signaling that precedes the activation of caspase 8 and c-Jun N-terminal kinase (JNK). In addition to hepatocytes, IRF5 is also required for apoptosis in dendritic cells activated by hypomethylated CpG but not in thymocytes and embryonic fibroblasts in vitro. Thus, these findings reveal a cell-type-specific function for IRF5 in the complex regulatory mechanism of death-receptor-induced apoptosis.
I
FN regulatory factor 5 (IRF5) plays a critical role in activating innate immune responses by transmitting pathogen-derived danger signals (i.e., pathogen-associated molecular patterns, or PAMPs) sensed by pattern recognition receptors to induce transcription of various cytokine genes (1-3). More recently, its tumor-suppressive function has been revealed by showing that IRF5 is required for DNA damage-induced apoptosis in c-HaRas-expressing mouse embryonic fibroblasts (MEFs) and that MEFs undergo transformation by this single oncogene in the absence of IRF5 (3) .
IRF5 is constitutively expressed in a variety of cell types and is further induced transcriptionally by treatment with type I IFNs or DNA damage (3) . Upon stimulation with PAMPs or upon DNA damage, IRF5 is activated, presumably by phosphorylation, and then translocates from the cytoplasm to the nucleus where it promotes gene transcription by binding to target DNA sequences such as the IFN-stimulated response element in the cis-regulatory region of target genes (1, 3, 4) . This finding is exemplified by the induction by IRF5 of the Il12b gene (1) . DNA damage increases Irf5 transcript levels in a p53-dependent manner (3, 5) . However, the induction of p53 target genes occurred normally in Irf5 Ϫ/Ϫ cells (3) , and overexpression of IRF5 enhanced the cellular susceptibility to anticancer druginduced apoptosis even in p53-deficient cancer cell lines (6, 7) , which suggests that IRF5 probably acts on a pathway that is distinct from that for p53. Nevertheless, how IRF5 participates in the apoptotic signaling pathway is not well understood.
Fas (CD95/APO-1/TNFRSF6) belongs to the death receptor family of the tumor necrosis factor (TNF) receptor superfamily, whose engagement induces apoptosis in a cell-type-specific and, typically, p53-independent manner (8) . Ligation of Fas by its ligand (FasL) or agonistic antibodies allows the assembly of the death-inducing signaling complex (DISC) consisting of Fas, Fas-associated death domain-containing protein (FADD), cellular FLICE-like inhibitory protein (cFLIP), caspase 8, and, in human, caspase 10 (9, 10). The oligomerization and autoproteolytic cleavage of procaspase 8 to activated caspase 8 in turn leads to either the direct or indirect activation of caspase 3, depending on the cell type. The indirect activation of caspase 3, called the mitochondrial pathway, is mediated at least in part by the cleavage of the BH3-only protein Bid by caspase 8, leading to the release of cytochrome c, which then causes the oligomerization of Apaf-1 and subsequent activation of caspase 9. The contribution of the two Fas-mediated apoptosis pathways is cell-type-specific where, for example, Fas-stimulated hepatocytes require the mitochondrial apoptotic pathway, and thymocytes do not (11) . The efficiency of the DISC formation depends on the cell type, which, it has been suggested, also would affect a requirement for the mitochondrial pathway (12) . Indeed, the precise mechanism(s) underlying the cell-type-specific sensitivity of Fas-induced apoptosis is incompletely understood, and as-yet-unknown factor(s) also may participate.
In the present study, we address the issue of whether IRF5 plays a role in apoptosis induced by Fas activation. Using Irf5 Ϫ/Ϫ mice, we show that hepatic apoptosis and mouse lethality upon administration of an agonistic anti-Fas monoclonal antibody (mAb) depends on IRF5. We also demonstrate that IRF5 is required for activation of c-Jun N-terminal kinase (JNK) and cleavage of caspase 8 in response to Fas stimulation. Interestingly, the contribution of IRF5 to Fas signaling is cell-typespecific because Fas-mediated apoptosis of thymocytes and MEFs does not require IRF5, whereas that of dendritic cells (DCs) prestimulated by a Toll-like receptor 9 (TLR9) ligand does. By revealing the involvement of IRF5 in death receptor signaling, our study contributes to our knowledge of the celltype-specific process of death-receptor-induced apoptosis and exposes a unique function of the versatile biology of IRF5.
Results

Resistance to Fas-Induced Liver Damage and Lethality in Irf5
Acute fulminant hepatitis induced by the in vivo administration of agonistic Fas antibodies or FasL is characterized by extensive apoptosis of hepatocytes mediated by the Fas receptor on their cell surfaces, resulting in animal death within hours (8) . To evaluate whether IRF5 plays a role in Fas-mediated apoptosis, we i.p. injected the Jo2 Fas-agonist mAb into wild-type (WT) and Irf5 Ϫ/Ϫ mice. Although a majority of WT mice (78%) died within 15 h of treatment, only 22% of Irf5 Ϫ/Ϫ mice succumbed to death, and the surviving Irf5 Ϫ/Ϫ mice showed no signs of distress (Fig. 1A) . Macroscopic examination 3 to 5 h after Fas mAb injection revealed that the livers from most Jo2-injected WT mice (7 of 9) turned dark red, which is indicative of widespread hemorrhage, whereas only 1 of 7 Irf5 Ϫ/Ϫ mice showed a partial change in liver appearance (Fig. 1B) . Furthermore, a histological examination revealed extensive hepatic apoptosis and hemorrhage in WT but not Irf5 Ϫ/Ϫ livers (Fig. 1C) . Consistent with these observations of liver destruction, the increase in serum alanine aminotransferase (ALT) levels was smaller in Irf5 Ϫ/Ϫ mice than in WT mice injected with Jo2 antibodies (Fig.  1D) , and a TUNEL assay confirmed the extensive hepatocyte apoptosis in WT but not Irf5 Ϫ/Ϫ livers (Fig. 1E) . We also examined whether IRF3, which also is implicated in p53-independent apoptosis (13) , could contribute to Fas-induced liver damage and lethality. The survival rate of Irf3 Ϫ/Ϫ mice was similar to that of WT mice (4 of 5 mice died in 15 h; data not shown). Moreover, macroscopic and microscopic examinations demonstrated a similar extent of liver damage in Irf3 Ϫ/Ϫ mice to that observed in WT mice ( Fig. 1 B and C) . These results indicate that IRF5, but not IRF3, is required for hepatocyte apoptosis and lethality in response to in vivo administration of the Fasagonist mAb.
Differential Requirement for IRF5 in Fas-Induced Apoptosis. To examine the extent to which IRF5 is involved in a general mechanism of Fas-induced apoptosis, we next tested Fas-mediated apoptosis of DCs, thymocytes, and MEFs in vitro. It is known that DCs prestimulated with TLR ligands become sensitive to Fasmediated apoptosis (14, 15) . As shown in Fig. 2 , the Fas-induced apoptosis observed in WT DCs prestimulated by a TLR9 ligand hypomethylated DNA (CpG-B) (16) was strongly suppressed in prestimulated Irf5 Ϫ/Ϫ DCs. Interestingly, however, when prestimulated with a TLR4 ligand lipopolysaccharide (LPS), both WT and Irf5 Ϫ/Ϫ DCs underwent comparable rates of apoptosis (Fig. 2) . These results suggest that there is a differential requirement for IRF5 in the sensitization of DCs to Fas by distinct TLR stimuli. It also is noteworthy that spontaneous cell death (without exogenous stimulation with Fas) also was substantially suppressed when Irf5 Ϫ/Ϫ DCs were treated with CpG-B but not LPS. Significantly, no decrease in apoptosis was observed in Irf5 Ϫ/Ϫ thymocytes or MEFs compared to WT cells (Fig. 2 ). These observations indicate that, depending on the type and state of a cell, IRF5 is differentially required for Fas-mediated apoptosis. In an attempt to understand the mechanism of action of IRF5, we next examined which step of the Fas signal transduction pathway is affected by the loss of IRF5 in the liver. We first analyzed the activation states of caspases by immunoblot analysis (Fig. 3A) . Liver protein extracts from WT mice 3 h after Jo2 mAb administration showed clear signs of cleavage for caspases 8, 9, and 3. In contrast, liver extracts from Irf5 Ϫ/Ϫ mice showed no or significantly reduced cleavage of all three caspases tested, including caspase 8, which is considered the initiator caspase in the Fas signaling pathway. In thymocytes, however, the extent of Fas-mediated cleavage of caspases 8, 9, and 3 was comparable between WT and Irf5 Ϫ/Ϫ mice. Importantly, IRF5 protein was detectable in both liver and thymocyte extracts. These results indicate that the absence of IRF5 leads to a defect at or upstream of caspase 8 activation during Fas signaling in the liver but not in thymocytes.
Impaired cFLIP Down-Regulation and JNK Activation in the Absence of IRF5. We next checked the protein expression levels of Fas, FADD, and cFLIP L , which are additional components of the DISC complex. No significant differences in the expression levels of Fas and FADD was observed between WT and Irf5 Ϫ/Ϫ liver extracts (Fig. 3B) . In WT livers, cFLIP L expression was, interestingly, down-regulated upon Fas engagement (Fig. 3B) . Because mRNA transcript levels of the gene encoding cFLIP did not decrease after Fas activation (see Fig. 4B ), the reduction of cFLIP L protein we observed is likely to be a posttranscriptional event, such as cleavage or proteasomal degradation. In contrast, such down-regulation was absent or small in Irf5 Ϫ/Ϫ livers. It has been shown previously that cFLIP L , which is thought to be an inhibitor of caspase 8, is degraded via Itch, an E3 ubiquitin ligase that is activated by the JNK pathway downstream of TNF␣ signaling (17) . Because JNK is also activated by Fas signaling, we next examined the activation status of this pathway in WT and Irf5 Ϫ/Ϫ liver extracts. Strikingly, the phosphorylation of JNK upon Fas stimulation, observed to occur in liver extracts from WT mice, was completely absent in liver extracts from Irf5 Ϫ/Ϫ mice (Fig. 3B) . Thus, the defect in JNK activation in Irf5 Ϫ/Ϫ livers may account for the failure of cFLIP L down-regulation, which could contribute to the impaired activation of caspase 8 (Fig.  3A) . Interestingly, phosphorylation of p38 by Fas was observed in WT and Irf5 Ϫ/Ϫ liver extracts (Fig. 3B) . This demonstrates that some signal transduction events still occur upon Fas ligation in the absence of IRF5 and provides some insight into the step where IRF5 functions to support the Fas signaling in the liver (see Discussion).
Gene Expression Analysis in Irf5 ؊/؊ Livers. Next, we sought to find candidate genes whose expression is controlled by IRF5 and, therefore, could be important for the regulation of Fas-induced hepatic apoptosis. Thus, we performed a microarray analysis to measure the expression levels of Ϸ39,000 transcripts in RNA from WT and Irf5 Ϫ/Ϫ mice 3 h after the administration of PBS or Jo2 mAb. It was revealed that among the Ϸ800 genes induced Ͼ4-fold by Jo2 injection in WT mice, Ϸ650 genes displayed only less than a 2-fold increase in Irf5 Ϫ/Ϫ mice, suggesting that IRF5 is required for the activation of many genes in the liver upon Fas stimulation.
Consistent with the results of our immunoblot analysis, the expression of Irf5 mRNA was robustly detected in untreated WT liver cells and slightly induced by Fas activation [supporting information (SI) Table 1 ]. Subsequent quantitative reverse transcription PCR (qRT-PCR) analysis further showed that the level of IRF5 approached a magnitude similar to that observed in virus-infected MEFs (Fig. 4A) , conditions in which IRF5 is critical for inducing apoptosis (3) . Importantly, our microarray data revealed that the expression of Jun and Bim mRNAs, both known to be regulated by the JNK-AP1 pathway (18) (19) (20) , is induced by Fas activation in WT livers but severely impaired in Irf5 Ϫ/Ϫ livers (SI Table 1 ). Analysis by qRT-PCR of samples obtained from 11 WT and 9 Irf5 Ϫ/Ϫ mice revealed a trend that supports our microarray data (Fig. 4B ). In addition, there was an, albeit slight, induction in Map3k5 (Ask1) and Apaf1 mRNA expression (1.8-and 1.9-fold, respectively) upon Jo2 mAb treatment that was absent in the liver of Irf5 Ϫ/Ϫ mice (SI Table 1 ). Conversely, many other genes known to positively regulate Fas signaling were found to be expressed at comparable levels between WT and Irf5 Ϫ/Ϫ mice before and after Jo2 mAb administration (SI Table 1 and SI Fig. 5 ). These genes include those encoding Bid, Bax, Bak, caspases 8, 9, and 3, DAXX, FLASH, RIP, FAF1, Dap3, JNK1, JNK2, TRAIL, and TNF␣ receptors. We also checked the expression of antiapoptotic genes such as those encoding Bcl-X L , Bcl-2, cIAP1, XIAP, and Mcl1 but found that most are induced more strongly in WT than in Irf5 Ϫ/Ϫ samples (SI Table 1 and SI Fig. 5 ), which is rather counter to the observed phenotype.
Discussion
In this study, we have demonstrated that hepatic apoptosis in response to in vivo administration of the Jo2 Fas-agonist mAb requires IRF5. We have further shown that the activation of the JNK pathway is severely abolished, and that an early step at or upstream of caspase 8 is blocked in the livers of Irf5 Ϫ/Ϫ mice. The former finding was shown by the absence of JNK phosphorylation and the impaired induction of the Jun gene; Jun is a target of AP1, the transcription factor complex activated by JNK, and c-Jun itself is a component of AP1 (18) . The latter finding was demonstrated by the absence of caspase 8 cleavage and cleavage of the downstream caspases, caspase 9 and caspase 3. Although not examined in this study, we infer that a similar event may occur in DCs treated with CpG, which also required IRF5 to undergo Fas-mediated apoptosis (Fig. 2) .
The role of JNK in Fas-mediated apoptosis and the upstream molecules that link Fas and JNK in the Fas signaling are controversial (21, 22) . However, recent studies suggest that JNK may be a key link in two positive feedback loops involving Bim and cFLIP in the death receptor signaling pathway. Upon phosphorylation by JNK, the proapoptotic Bcl-2 family member Bim EL (an isoform of Bim) translocates from the microtubules to the outer mitochondrial membrane to promote the release of cytochrome c, which ultimately activates caspase 9 and caspase 3 (23) . Processed caspase 3 then cleaves phosphorylated Bim EL , converting it to a more potent form and, thereby, generating an amplification loop (24) . In fact, Bim Ϫ/Ϫ mice are resistant to Fas-induced hepatic apoptosis (25) . Because Bim also is a target of AP1 (19, 20) , the defects of JNK activation in Irf5 Ϫ/Ϫ livers would result in both the failure to activate Bim protein and to induce transcription of the Bim gene, the latter of which we confirmed by gene expression analysis in this study (Fig. 4B) .
Furthermore, JNK activation accelerates turnover of cFLIP, an inhibitor of caspase 8, via proteasomal degradation to generate a positive feedback loop in TNF␣ signaling (17) . Our data The Cflar primers detect the transcripts for both cFLIPL and cFLIPS, and the primers that specifically detect cFLIP L also gave a similar result (data not shown). The primers for Bim detect a common region for BimEL, BimL, and BimS.
reveal that in WT livers cFLIP L was down-regulated upon Fas activation, suggesting that a similar mechanism also, presumably, may operate in the Fas signaling pathway (Fig. 3) . In Irf5 Ϫ/Ϫ livers, however, the down-regulation of cFLIP L expression was attenuated concomitant with the absence of JNK activation. Thus, IRF5 seems to support JNK-mediated cFLIP L downregulation, which would at least partly explain why caspase 8 activation is abolished in Irf5 Ϫ/Ϫ livers. Interestingly, mice deficient in TRAIL or receptors for TNF␣ are resistant to Jo2 mAb-induced hepatic apoptosis and lethality (25, 26) . Fas, TRAIL, and TNF␣ all are notably capable of directly activating JNK, and TRAIL-deficient mice display an attenuation of JNK activation and Bim phosphorylation upon Jo2 mAb administration (25) . We envisage that these ligands may cooperate to amplify an otherwise subtle, initial activation of the apoptotic signaling, ultimately leading to a massive and uncontrolled response. Given that the treatment of WT mice with a JNK inhibitor protects against Fas-induced liver damage (25) , the regulation of JNK by IRF5 may represent a critical step for such cooperation, possibly by supporting the two positive feedback loops described above, i.e., phosphorylation and induction of Bim and degradation of cFLIP. Interestingly, the Fas-induced phosphorylation of JNK observed in WT livers was not detectable in thymocytes (K. Tamura, unpublished observations), congruent with the differential requirement of IRF5 and activation of JNK.
Exactly how IRF5 regulates Fas signaling remains to be clarified. However, our results provide some indication as to which step IRF5 is operating. In contrast to the defects in JNK and caspase 8 activation, p38 activation did occur in Irf5 Ϫ/Ϫ mice (Fig. 3B) , which indicates that the induction of the p38 pathway takes place independently of JNK and caspase 8, and that IRF5 may act at a bifurcation step for the activation of the two MAPK pathways, presumably by controlling the expression and/or the activity of an unidentified molecule(s) at the same or upstream level of caspase 8. In this context, it is noteworthy that the modest induction of Map3k (Ask1) mRNA by Fas stimulation was abolished in the Irf5 Ϫ/Ϫ liver (SI Table 1 ) because ASK1 is known to activate the JNK pathway (27) . However, it is not clear to what extent, if any, this defect accounts for the abrogation of JNK activation in Irf5 Ϫ/Ϫ mice.
IRFs have been shown to function as DNA binding factors to regulate transcription of specific target genes. Therefore, it was of interest to examine whether IRF5 translocates from the cytoplasm to the nucleus during Fas stimulation. Unexpectedly, however, we did not detect translocation of a YFP-IRF5 chimera protein to the nucleus after Fas stimulation of sensitive cell lines, HepG2 and Jurkat (K.N. and T. Tamura, unpublished results). Taken at face value, we cannot exclude the possibility that IRF5 functions as a signal transducer in the cytoplasm; it is tempting to speculate that IRF5 may serve as an adaptor protein in the death receptor signaling pathway. If so, other IRF(s) may function independently or redundantly with IRF5 in this capacity in cells such as thymocytes and fibroblasts that do not require IRF5. Further studies will be required to clarify these issues.
However, because the failure of YFP-IRF5 nuclear translocation was observed by using cancer cell lines, these findings may not apply to the particular behavior of IRF5 in vivo. An alternative possibility is that the activation of IRF5 occurs when additional stimuli, other than Fas, are generated; systemic Fas activation appears to expose hepatocytes to many other stimuli, not only to Fas itself (see above). In support of this notion is the observation that pretreatment with CpG, a stimulus known to activate/translocate IRF5 via the TLR9-MyD88 pathway (1), makes DCs sensitive to Fas-induced apoptosis in an IRF5-dependent manner (Fig. 2 ). It will be interesting to address in the future the question of why IRF5 is required for CpG-treated, but not LPS-treated, DCs.
We must also consider that IRF5 may act in nonhepatocyte cell populations in the liver, such as Kupffer cells and sinusoidal epithelial cells, to induce the expression of a gene(s) that renders hepatocytes more sensitive to Fas-induced apoptosis. In this regard, it is interesting to note that Tnf induction by Fas, which is reported to occur in Kupffer cells (28) , was reduced in some Irf5 Ϫ/Ϫ mice (Fig. 4B) . However, other Irf5 Ϫ/Ϫ mice still showed a considerable induction of Tnf and yet still displayed no or only mild liver damage and diminished induction of Jun, suggesting that the reduced TNF␣ expression is not the main reason for the defective JNK activation and apoptosis in the liver. Nevertheless, the possibility that IRF5 plays a role in nonapoptotic functions of Fas, such as in the induction of proinflammatory cytokine genes, also is an interesting future issue to examine.
Our results indicate that IRF5 serves as a factor that sensitizes certain types of cells to Fas-induced apoptosis. Although the precise function of IRF5 still remains to be clarified, we infer that it contributes by effectively decreasing the threshold for Fas apoptotic signaling by vitalizing caspase 8 activation and the JNK-mediated positive feedback loops. Further investigation to clarify more precisely the details of the action of IRF5 will help to better understand the complex cell-type-specific mechanism(s) of Fas-induced apoptosis and the pathogenesis of liver diseases involving the Fas system. Finally, in view of the fact that Fas and other death receptors share common features in their signaling, it will be interesting to examine whether IRF5 is also involved in TRAIL-or TNF␣-induced apoptosis, especially in the context of tumor suppression by death receptors.
Materials and Methods
Mice, Cells, and Measurement of ALT. Six-to 10-week-old Irf5 Ϫ/Ϫ and Irf3 Ϫ/Ϫ mice in the C57BL/6 genetic background (1, 29) and their WT littermates or C57BL/6 mice were used. For Fas-induced liver injury studies, mice were i.p. injected with 15 g of anti-Fas mAb (clone Jo2; BD PharMingen) diluted in 200 l of PBS. Bone-marrow-derived DCs were generated in the presence of 20 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) as described in ref. 30 . DCs were harvested on day 9 and prestimulated with CpG-B (0.35 M) or LPS (100 ng/ml) in the presence of 5 ng/ml GM-CSF for 24 h. Serum ALT levels were measured by the UV method using a diagnostic kit (Nescauto VL ALT; Alfresa Pharma).
Histology and Detection of Apoptosis. Liver tissues were fixed with 4% formaldehyde in PBS and were embedded in paraffin. Then 3-to 4-m sections were stained with hematoxylin and eosin. For detection of apoptosis, liver was embedded and frozen in Tissue-Tek OCT Compound (Sakura Finetek), and 5-m sections were subjected to TUNEL assay using the In Situ Cell Death Detection Kit (Roche). The percentage of apoptotic cells (sub-G1 cells) was determined by propidium-iodide staining of ethanol-fixed cells followed by flow cytometric DNA content analysis as described in ref. 31 .
Immunoblot Analysis. Immunoblot analysis was carried out by standard methods. The antibodies used were anti-Fas (M20) from Santa Cruz Biotechnology; anti-caspase 9 (5B4) and anti-FADD (1F7) from MBL; anticaspase 8 (1G12) and anti-cFLIP (Dave-2) from Alexis; anti-IRF5, anti-caspase 3, anti-phospho-JNK, anti-JNK, anti-phospho-p38, and anti-p38 from Cell Signaling; and anti-␤-actin from Sigma.
RNA Analysis. Total RNA was prepared by using RNAiso reagent (Takara) followed by RNeasy (Qiagen) according to the manufacturer's instructions. Microarray analysis was performed by using Mouse Genome 430 2.0 Array (Affymetrix). qRT-PCR analysis was performed as described in ref. 1 . Data were normalized against Gapdh expression levels of each sample. Primer sequences are available on request.
